Abstract: University buildings, such as student residence halls with year-round consistent energy demands, offer strong opportunities for Combined Heat and Power (CHP) systems. The economic and environmental feasibility of a CHP project is strongly linked with its optimum sizing. This study aims to undertake such an assessment for a CHP system for a student residence hall located in London, the United Kingdom (UK). The study also aims to undertake a sensitivity analysis to investigate the effect of different parameters on the project's economics. Necessary data are collected via interviews with the University's Energy Manager. Modeling of the CHP system is performed using the London South Bank University (LSBU, London, the UK) CHP model. Results demonstrate that optimum sizing of CHP is crucial for achieving higher economic and environmental benefits and strongly depends on the authenticity of the energy consumption data, based on which the CHP is being sized. Use of incorrect energy data could result in an undersized or oversized CHP system, where an oversized system will result in higher negative results compared to an undersized system. Finally, Monto Carlo statistical analysis shows that electricity price is the significant factor that could affect the project's economics. With an increasing spark gap, the payback period decreases, and vice versa.
Introduction
The higher education (HE) sector of the United Kingdom (UK) is comprised of 161 universities. Buildings in the HE sector consume electricity and gas and are responsible for scope 1 (electricity related emissions) and scope 2 emissions (fuel related emissions). In 2010, the HE funding councils (HEFCs, the UK) introduced a 43% carbon reduction target for the year 2020 compared to 2005/06 and linked the capital funding of universities to this target [1] . Since then, the universities in the UK have been implementing a range of carbon reduction projects, which mainly include energy efficiency measures and installation of renewable and clean technologies, such as solar, wind, biomass and It is apparent that the sector's carbon emissions and energy consumption in both types of buildings have been declining, as a result of different carbon reduction initiatives taken by the universities. The trends shown in Figure 1 also unlock another interesting fact that the decrease in annual energy consumption in the residential buildings is almost double that in the non-residential buildings. This is probably because the residential buildings are occupied for the whole year, and therefore, these have been given more priority than the non-residential buildings in terms of energy efficiency measures and installation of renewable and clean technologies, such as CHP. Universities that have installed CHP plants are making good moves towards their carbon reduction targets. Figure 2 shows the CHP generation and the number of universities that have had installed CHP in different years. It is apparent that due to the increased number of installation, energy generation from CHP plants has been increasing. In 2008, only 28 universities had CHP and the total energy generation from onsite CHP plants was 685 GWh. This CHP installation number increased to 67 in 2015 with total energy generation of 912 GWh (33% increase). This clearly demonstrates that CHP is being It is apparent that the sector's carbon emissions and energy consumption in both types of buildings have been declining, as a result of different carbon reduction initiatives taken by the universities. The trends shown in Figure 1 also unlock another interesting fact that the decrease in annual energy consumption in the residential buildings is almost double that in the non-residential buildings. This is probably because the residential buildings are occupied for the whole year, and therefore, these have been given more priority than the non-residential buildings in terms of energy efficiency measures and installation of renewable and clean technologies, such as CHP. Universities that have installed CHP plants are making good moves towards their carbon reduction targets. Figure 2 shows the CHP generation and the number of universities that have had installed CHP in different years. It is apparent that the sector's carbon emissions and energy consumption in both types of buildings have been declining, as a result of different carbon reduction initiatives taken by the universities. The trends shown in Figure 1 also unlock another interesting fact that the decrease in annual energy consumption in the residential buildings is almost double that in the non-residential buildings. This is probably because the residential buildings are occupied for the whole year, and therefore, these have been given more priority than the non-residential buildings in terms of energy efficiency measures and installation of renewable and clean technologies, such as CHP. Universities that have installed CHP plants are making good moves towards their carbon reduction targets. Figure 2 shows the CHP generation and the number of universities that have had installed CHP in different years. It is apparent that due to the increased number of installation, energy generation from CHP plants has been increasing. In 2008, only 28 universities had CHP and the total energy generation from onsite CHP plants was 685 GWh. This CHP installation number increased to 67 in 2015 with total energy generation of 912 GWh (33% increase). This clearly demonstrates that CHP is being It is apparent that due to the increased number of installation, energy generation from CHP plants has been increasing. In 2008, only 28 universities had CHP and the total energy generation from onsite CHP plants was 685 GWh. This CHP installation number increased to 67 in 2015 with total energy generation of 912 GWh (33% increase). This clearly demonstrates that CHP is being recognized in the HE sector as a leading source for reducing the sector's carbon emissions. However, on the other hand, installation of CHP in only 67 universities out of 161 universities indicates that this clean energy technology is yet facing some challenges and barriers in the HE sector of the UK. Such barriers were identified by Amber and Parkin [3] . Surprisingly, one of the major barriers identified was lack of support from universities' higher management.
CHP systems generate heat and electricity simultaneously by burning a single fuel source and are nearly 30-40% efficient compared to the conventional systems [4] [5] [6] . Due to their onsite installation and use of their waste heat, the losses from CHP systems are 16-25% lower than those from the conventional systems, which use two different sources to meet the buildings electrical and thermal demands.
For a CHP system to be feasible for a building or set of buildings, one of the major requirements is that the buildings should have year-round electrical and thermal demands [7] . In this sense, the student residence halls, which occupy nearly 24% space and have a share of 18% in the total energy consumption of a typical university campus [8] , offer a good opportunity for the CHP technology due to their consistent and year-round energy demands.
An optimum sized CHP system operating under an optimum control strategy guarantees higher financial and environmental savings. Optimum sizing of CHP must be calculated based on real hourly thermal and electrical demand profiles of the building(s) [9, 10] . Where real demand profiles are not available, it becomes highly important to generate estimated but reliable hourly profiles. Such situations include:
• no data are available at all for both electricity and gas consumption; • only yearly electricity and gas consumption data are available; • monthly electricity and gas consumption data are available.
Use of incorrect hourly electrical or thermal demand profiles could result in an undersized or oversized CHP system that will struggle to achieve its financial and environmental targets [11] . Many CHP installations are oversized because the facilitated energy demand profile has not been assessed properly. To get the full benefits of CHP, the unit needs to operate to its full potential, and all the power and heat produced have to be fully utilized [12] . There are examples where CHP were improperly sized and failed to achieve their targets. One of such examples is the installation of CHP in a building block in Lambeth Council in London, where CHP was not sized as per the building's energy demands but was sized equal to the capacity of already installed boilers. Later on, it was found that CHP was oversized [13] . An oversized CHP system may be beneficial if an electricity export option is available. This means that all the extra electricity could be exported to grid. However, this heavily depends on the export tariff. A lower export tariff makes this option unfeasible [14] . On the other hand, an undersized CHP system does not result in higher financial and environmental savings [15] .
Owing to the significance of this subject, this study attempts to highlight the significance of the optimum sizing of a CHP system by undertaking a detailed economic and environmental feasibility of the CHP system for a typical student residence hall building located in London, the UK, and aims to show how the use of estimated demand profiles could affect the CHP sizing and the project's financial and environmental outcomes. The study further aims to undertake a sensitivity analysis in order to identify different parameters that would have significant effects on the project's economics. It is anticipated that results of this study would be useful for building services engineers and policy makers.
Methodology

Site Selection
The site selected for this study is a student residence hall called "McLaren House" located at the Southwark campus of London South Bank University (LSBU, London, UK) in central London, UK. McLaren House has over 600 non-smoking rooms and is occupied throughout the year. Each room has a window that could be opened fully for the ventilation purpose. It is a naturally ventilated building with no cooling plant installed. Opened in the 1996, the building has a total Gross Internal Area (GIA) of 14,740 m 2 . Electricity to the building is supplied through a switch room in the basement. The boiler plant room is located on the 10th floor and comprises 3 × 225 kW gas fired space heating 'Viessmann' boilers and two gas fired hot water heaters. The site is controlled by a Satchwell (now Schneider Electric) Sigma Building Management System (BMS). Figure 3 shows a front view of McLaren House. building with no cooling plant installed. Opened in the 1996, the building has a total Gross Internal Area (GIA) of 14,740 m 2 . Electricity to the building is supplied through a switch room in the basement. The boiler plant room is located on the 10th floor and comprises 3 × 225 kW gas fired space heating 'Viessmann' boilers and two gas fired hot water heaters. The site is controlled by a Satchwell (now Schneider Electric) Sigma Building Management System (BMS). Figure 3 shows a front view of McLaren House. Through multiple site visits and interviews with the University's Energy Manager, the building's electricity and gas consumption data and building related information were collected. Figure 4 shows the monthly electricity and gas consumption of McLaren House. Through multiple site visits and interviews with the University's Energy Manager, the building's electricity and gas consumption data and building related information were collected. Figure 4 shows the monthly electricity and gas consumption of McLaren House. building with no cooling plant installed. Opened in the 1996, the building has a total Gross Internal Area (GIA) of 14,740 m 2 . Electricity to the building is supplied through a switch room in the basement. The boiler plant room is located on the 10th floor and comprises 3 × 225 kW gas fired space heating 'Viessmann' boilers and two gas fired hot water heaters. The site is controlled by a Satchwell (now Schneider Electric) Sigma Building Management System (BMS). Figure 3 shows a front view of McLaren House. Through multiple site visits and interviews with the University's Energy Manager, the building's electricity and gas consumption data and building related information were collected. Figure 4 shows the monthly electricity and gas consumption of McLaren House. It is apparent that both electricity and gas consumption are higher during the winter months due to high space heating and hot water demand, while electricity and gas consumption are lower in summer as there is only hot water demand.
Electricity and Gas Consumption
Weather Normalization of Energy Usage
Sizing a CHP system based on energy consumption collected from the utility bills and energy meters, without "normalizing" for typical weather conditions, may result in an undersized or oversized CHP plant. A well-known weather normalization method is the Degree Days Method.
Degree days are usually used as a measure of heating or cooling [16] . Degree days have been vastly used by researchers for the purpose of normalization of energy consumption in different sectors [17] [18] [19] [20] [21] . Data of Heating Degree Days (HDD)s for the London region were available from [22] .
The weather normalization process has been carried out in the following three steps [23] .
•
Step-1: establishment of a relationship between five years average HDDs and actual monthly electricity consumption through linear regression.
•
Step-2: determination of a slope and intercept of a linear regression line.
Step-3: use of actual HDDs instead of five years average HDDs in the equation of linear regression along with its slope and intercept values, to calculate the monthly normalized electricity consumption. The aforementioned process of weather normalization was used in order to normalize the monthly electricity and gas consumption of McLaren House. Figure 5 shows the relationship between the last five years average HDDs and the monthly gas consumption of the year 2011. A linear relationship is apparent, which clearly suggests that the larger the number of heating degree days, the higher the heating demand and gas consumption will be, and vice versa. The plot provides an equation with a slope and intercept, where "x" denotes the number of monthly HDDs. Using the HDD values for the year 2011, the gas consumption has been normalized. Figure 6 shows the comparison between the actual and normalized monthly gas consumption of McLaren House. The comparison suggests that in 2011, the gas consumption in January, February and November should have been less but was observed higher. It is apparent that both electricity and gas consumption are higher during the winter months due to high space heating and hot water demand, while electricity and gas consumption are lower in summer as there is only hot water demand.
Normalization of Monthly Gas Consumption
Weather Normalization of Energy Usage
•
Step-3: use of actual HDDs instead of five years average HDDs in the equation of linear regression along with its slope and intercept values, to calculate the monthly normalized electricity consumption. The aforementioned process of weather normalization was used in order to normalize the monthly electricity and gas consumption of McLaren House. Figure 5 shows the relationship between the last five years average HDDs and the monthly gas consumption of the year 2011. A linear relationship is apparent, which clearly suggests that the larger the number of heating degree days, the higher the heating demand and gas consumption will be, and vice versa. The plot provides an equation with a slope and intercept, where "x" denotes the number of monthly HDDs. Using the HDD values for the year 2011, the gas consumption has been normalized. Figure 6 shows the comparison between the actual and normalized monthly gas consumption of McLaren House. The comparison suggests that in 2011, the gas consumption in January, February and November should have been less but was observed higher. This could be attributed to the fact that these three months were colder than those in previous years. The profiles suggest that during summer months, the actual and normalized gas consumption were almost equal. Figure 7 shows the relationship between the last five years average HDDs and the monthly electricity consumption for the year 2011. This could be attributed to the fact that these three months were colder than those in previous years. The profiles suggest that during summer months, the actual and normalized gas consumption were almost equal. Figure 7 shows the relationship between the last five years average HDDs and the monthly electricity consumption for the year 2011. This could be attributed to the fact that these three months were colder than those in previous years. The profiles suggest that during summer months, the actual and normalized gas consumption were almost equal. Figure 7 shows the relationship between the last five years average HDDs and the monthly electricity consumption for the year 2011. It is apparent that the relationship between the monthly average HDDs and the monthly electricity consumption is logarithmic. Using the HDD values for the year 2011, the electricity consumption has been normalized. consumption in March and May should have been less but was observed higher. This could be due to the fact that these two months were colder compared to those in previous years. Figure 8 shows the comparison between the actual and normalized monthly electricity consumption of McLaren House. The comparison suggests that in 2011, the electricity consumption in March and May should have been less but was observed higher. This could be due to the fact that these two months were colder compared to those in previous years. 
Normalization of Monthly Gas Consumption
Normalization of Monthly Electricity Consumption
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Development of Hourly Thermal and Electrical Demand Profiles
This is the most important step before CHP sizing could be performed and is the key to the success of a CHP system for getting the sizing right. Correct hourly demand profiles based on real energy consumption data are desired for sizing a CHP system. Hourly profiles on weekdays and weekends were developed by using the half hourly data.
Electrical Demand Profiles
Weekday and weekend hourly electricity demand profiles of McLaren house for the months of January and August are presented in Figures 9 and 10 . The following observations can be made.
• Hourly electricity consumption remains fairly the same on weekdays and weekends with slightly higher consumption on the weekdays.
• Electricity consumption on a typical weekend is nearly 3% higher than that on a weekday.
• During winter months, base load remains 100 kW, whereas peak load occurs during evening when the kitchen equipment is under use. The value for the peak load could be as high as 190 kW.
• During summer months, the base load remains 62 kW, whereas the peak load occurs during evening when the kitchen equipment is under use. The value for the peak load could be as high as 80 kW.
•
During the whole year, the hourly electricity demand remains within 62 kW and 190 kW. 
Development of Hourly Thermal and Electrical Demand Profiles
Electrical Demand Profiles
•
During winter months, base load remains 100 kW, whereas peak load occurs during evening when the kitchen equipment is under use. The value for the peak load could be as high as 190 kW.
During the whole year, the hourly electricity demand remains within 62 kW and 190 kW.
Thermal Demand Profiles
Weekday and weekend hourly thermal demand profiles of McLaren house for a winter and a summer month are presented in Figures 11 and 12 . The following observations can be made.
• Hourly thermal demand remains fairly the same on weekdays and weekends with a slightly higher demand on the weekdays during day period.
• Thermal demand on a typical weekend is nearly 3% higher than that on a weekday. 
• Thermal demand on a typical weekend is nearly 3% higher than that on a weekday. • During winter months, boilers start at 5 a.m. during the whole week. Thermal load remains as high as 630 kW due to high space heating and hot water demand.
• During summer months, the base load remains between 130-150 kW as there is only hot water demand.
•
During the whole year, hourly thermal demand remains within 130 kW and 700 kW. 
Thermal Demand Profiles
•
Optimum Sizing of CHP
A careful deliberation is required when the optimal size of the CHP is determined. A typical practice is to size a CHP system as per the buildings thermal base load [24] . Such a system may operate at 100% capacity, but due to its smaller size, it will not fully meet the buildings electrical and thermal demands, and therefore, the building will remain heavily dependent on grid and boilers for meeting its electricity and thermal demands. Secondly, the higher cost of grid electricity and boilers gas consumption will certainly make such a smaller CHP system an unfeasible solution, resulting in a Sustainability 2018, 10, 2069 9 of 16 longer payback period of the project. However, under certain situations, such a CHP system may be successful, e.g., where the difference between the building's base load and the peak load is small [25] . 
A careful deliberation is required when the optimal size of the CHP is determined. A typical practice is to size a CHP system as per the buildings thermal base load [24] . Such a system may operate at 100% capacity, but due to its smaller size, it will not fully meet the buildings electrical and thermal demands, and therefore, the building will remain heavily dependent on grid and boilers for meeting its electricity and thermal demands. Secondly, the higher cost of grid electricity and boilers gas consumption will certainly make such a smaller CHP system an unfeasible solution, resulting in a longer payback period of the project. However, under certain situations, such a CHP system may be successful, e.g., where the difference between the building's base load and the peak load is small [25] .
On the other hand, higher savings could be achieved using an optimum sized electricity led or thermal led modulating CHP. It is understood that offsetting the grid electricity in a higher proportion will generate higher financial and environmental savings, and this could be achieved using an electricity led CHP system, which will modulate as per the buildings electricity demand. 
On the other hand, higher savings could be achieved using an optimum sized electricity led or thermal led modulating CHP. It is understood that offsetting the grid electricity in a higher proportion will generate higher financial and environmental savings, and this could be achieved using an electricity led CHP system, which will modulate as per the buildings electricity demand. On the other hand, higher savings could be achieved using an optimum sized electricity led or thermal led modulating CHP. It is understood that offsetting the grid electricity in a higher proportion will generate higher financial and environmental savings, and this could be achieved using an electricity led CHP system, which will modulate as per the buildings electricity demand. However, at the same time, the excess heat generation should be minimal and the Quality Index (QI) of CHP systems remains above 105. Generally, the modulating CHP systems are programmed to stop when the building load is less than 50% output of the CHP system. For example, if the building load is 70 kW and the CHP's output capacity is 200 kW, CHP will stop until the load increases to 100 kW (i.e., 50% of the CHP capacity). Such oversized CHP systems running on the part load, will require frequent maintenance and will result in reduced financial savings. On the other hand, a system that is too small (undersized) will result in a longer payback period of the project. Therefore, a careful study of the building's hourly thermal and electricity demand profiles is indispensable, and only a validated CHP sizing model should be used for sizing a CHP system. Poorly or incorrectly sized systems will not perform optimally and will lead to a complete loss of investment [26] .
CHP Sizing has been performed using the LSBU CHP model. This model was developed by Amber [12] as a part of his PhD studies. The model has been validated against different models and is capable of sizing CHP for a single or multiple buildings [27] . Although it allows testing of multiple operating strategies, only mixed heat and electricity led CHP with minimum excess heat generation has been considered in this study. The following criteria for the optimum size of the CHP has been set:
• CHP should have minimum 5500 running hours operating between 75% and 100% load; • higher net present value (NPV); • higher internal rate of return (IRR), %; and • lower payback period. Table 1 shows the values of different parameters that have been fed into the LSBU CHP model for obtaining results. Tariffs, climate change levy (CCL) rates and value added tax (VAT) rates for electricity and gas usage were available from the electricity and gas bills, whereas CHP related cost figures were received from ENERG, a leading CHP supplier in the UK. Project duration, inflation rate and weighted average cost of capital (WACC) rate were used after consultation with the university's project management team. 
Results
Using the real hourly thermal demand profiles and electrical demand profiles for the mixed control strategy of the CHP, the LSBU CHP model generated results for nine different sizes of CHP ranging from 70 kW to 185 kW. Table 2 shows the results obtained from the LSBU model. Figure 13 shows the plot of payback period and NPV for different sizes of CHP investigated for this building.
Contractor's preliminaries 5% of CHP cost Project contingency 7% of CHP cost
Using the real hourly thermal demand profiles and electrical demand profiles for the mixed control strategy of the CHP, the LSBU CHP model generated results for nine different sizes of CHP ranging from 70 kW to 185 kW. Table 2 shows the results obtained from the LSBU model. Figure 13 shows the plot of payback period and NPV for different sizes of CHP investigated for this building. The results clearly suggest that 122-kW CHP is an optimum size for McLaren House which will not only generate higher financial savings, but also result in a lower payback period, i.e., 6.8 years. The 122-kW CHP will offset grid electricity by 77.5%, whereas it will result in an increase in the site's gas consumption by 25.3%. The CHP system will also reduce the site's carbon emissions by 281 tonnes of CO2. The results clearly suggest that 122-kW CHP is an optimum size for McLaren House which will not only generate higher financial savings, but also result in a lower payback period, i.e., 6.8 years. The 122-kW CHP will offset grid electricity by 77.5%, whereas it will result in an increase in the site's gas consumption by 25.3%. The CHP system will also reduce the site's carbon emissions by 281 tonnes of CO 2 .
Sensitivity Analysis
Effect of Estimated Energy Demand Profiles on the CHP System's Sizing and Economics
As discussed earlier, the economics of a CHP plant strongly depend on its optimum sizing, where optimum sizing is strongly dependent on the accuracy of the buildings hourly energy consumption profiles. Use of estimated or incorrect energy profiles could lead to an undersized or oversized CHP system and could affect its economics. The LSBU model was run seven times by feeding hourly demand profiles, having an error range from −30% to +30% with an interval of 10%. Table 3 shows the results generated by the LSBU CHP model. It is apparent that if the hourly demand profiles have a −20% error, the model suggests that the optimum size is 110 kW, which would result in an undersized CHP system. Similarly, with a +20% error, the model suggests an oversized CHP size of 135 kW. Another interesting result that could be drawn from this analysis is that under-sizing of CHP is not as bad as over-sizing. It could be seen if the hourly profiles have +20% error, the results could be misleading as is obvious from Table 3 . Table 3 shows that installing 135-kW CHP will result in a NPV of only £40,558 with an IRR of 7%. However, this size of CHP will generate a NPV of £268,150 with an IRR of 15%, as shown earlier in Table 2 . This clearly demonstrates how important the accuracy of hourly energy profiles is for the optimum sizing of CHP.
Effect of Variation in Electricity and Fuel Prices
The financial risk is considered as one of the main barriers for investing in energy-efficient technologies [28] . One of such possible risks is uncertainty of electricity and gas prices [29] . Wickart and Madlener [30] found that, under higher price volatility levels, a CHP system offers more profit than a conventional generation plant.
To investigate the effect of such future fluctuations in the electricity and fuel prices, the LSBU model performs a sensitivity analysis of the payback period by considering the future variations in the electricity and fuel prices in the range between −10% and +40%. The results are presented in Table 4 and Figure 14 . It is apparent that with increasing electricity and fuel prices, the payback period of the CHP system decreases, and vice versa.
Significant Parameters (Monte Carlo Analysis)
In order to identify the most influential parameter, the LSBU CHP model was used to run a Monte Carlo simulation for 10,000 iterations and calculate the values of two statistical parameters, i.e., coefficient of correlation (R) and coefficient of determination (R 2 ). Both "R" and "R 2 " demonstrate degree of the relationship between a variable and the payback period of the project. Table 5 shows the results. It is apparent that day-time electricity price has the strongest but negative relationship with the payback period (R = −0.87), i.e., if it increases in future, the payback period will decrease. The fuel price has a positive but not strong relationship with the payback period (R = 0.33). 
In order to identify the most influential parameter, the LSBU CHP model was used to run a Monte Carlo simulation for 10,000 iterations and calculate the values of two statistical parameters, i.e., coefficient of correlation (R) and coefficient of determination (R 2 ). Both "R" and "R 2 " demonstrate degree of the relationship between a variable and the payback period of the project. Table 5 shows the results. It is apparent that day-time electricity price has the strongest but negative relationship with the payback period (R = −0.87), i.e., if it increases in future, the payback period will decrease. The fuel price has a positive but not strong relationship with the payback period (R = 0.33). The LSBU CHP model was used to generate a histogram of the payback period, as shown in Figure 15 , and calculate the cumulative probability for the payback period. It is apparent that there The LSBU CHP model was used to generate a histogram of the payback period, as shown in Figure 15 , and calculate the cumulative probability for the payback period. It is apparent that there is 92% probability that the optimum size of CHP, i.e., 122 kW identified in this study, will have a payback period shorter than seven years. This type of analysis helps the higher management in the decision-making process. 
Conclusions
To highlight the significance of the optimum sizing of a CHP system, a detailed economic and environmental assessment of a CHP system has been performed using the LSBU CHP model for a student residence hall building located in central London, the UK. The following conclusions have been drawn from this study.
• Availability of real hourly electricity and thermal demand profiles is crucial for the optimum sizing of a CHP system. • CHP sizing based on estimated energy profiles, monthly energy consumption figures or based on the existing boilers capacity may result in an undersized or oversized CHP system.
•
Weather normalization of real hourly energy consumption data is mandatory for finding the optimum size of CHP.
• Under-sizing of a CHP system is better than over-sizing.
Variation in electricity and fuel prices could affect the project's economics.
• Increase in electricity price will decrease the payback period of the project and will strengthen its economics over its life period.
• Electricity price has the strongest relationship (R 2 = 0.75) with the project's payback period.
• Variation in CCL tax, VAT tax and O&M price has the minimal effect on the project's economics.
An optimum sized CHP is a suitable solution for student residence hall type buildings and could generate considerable financial and environmental savings for the university sector.
The results of this study clearly indicate that university buildings, such as student residence halls that occupy nearly 24% space of a typical university campus, offer a good opportunity for the installation of CHP systems. However, the sizing of a CHP system is crucial and must be optimized carefully in order to achieve higher financial and environmental benefits. While a CHP system is sized, real hourly electricity and thermal demand data must be used. This real hourly data could be managed through the installation of smart meters in the university buildings. Normalization of this hourly energy consumption data is mandatory for the calculation of an optimum sized CHP system. CHP optimization exercise must be performed using a validated CHP sizing model. This study has clearly shown that universities that have had installed CHP systems have positively managed to reduce their carbon emissions. Yet only 41% universities in the UK have had installed CHP systems. One of the major challenges is the lack of support from the universities' higher management. If the higher management of universities support such clean energy production initiatives, the university sector of the UK could certainly achieve its carbon reduction targets and could play a considerable role towards a greener environment. 
Conclusions
•
Electricity price has the strongest relationship (R 2 = 0.75) with the project's payback period.
